Purpose To evaluate Chemical Exchange Saturation Transfer (CEST) MRI for liver imaging at 3.0-T. Materials and methods Images were acquired at offsets (n= 41, increment=0.25 ppm) from −5 to 5 ppm using a TSE sequence with a continuous rectangular saturation pulse. Amide proton transfer-weighted (APTw) and GlycoCEST signals were quantified as the asymmetric magnetization transfer ratio (MTR asym ) at 3.5 ppm and the total MTR asym integrated from 0.5 to 1.5 ppm, respectively, from the corrected Z-spectrum. Reproducibility was assessed for rats and humans. Eight rats were devoid of chow for 24 hours and scanned before and after fasting. Eleven rats were scanned before and after onetime CCl4 intoxication. Results For reproducibility, rat liver APTw and GlycoCEST measurements had 95 % limits of agreement of −1.49 % to 1.28 % and −0.317 % to 0.345 %. Human liver APTw and GlycoCEST measurements had 95 % limits of agreement of −0.842 % to 0.899 % and −0.344 % to 0.164 %. After 24 hours, fasting rat liver APTw and GlycoCEST signals decreased from 2.38±0.86 % to 0.67±1.12 % and from 0.34± 0.26 % to −0.18±0.37 % respectively (p<0.05). After CCl4 intoxication rat liver APTw and GlycoCEST signals decreased from 2.46±0.48 % to 1.10±0.77 %, and from 0.34±0.23 % to −0.16±0.51 % respectively (p<0.05). Conclusion CEST liver imaging at 3.0-T showed high sensitivity for fasting as well as CCl4 intoxication.
Introduction
Chronic liver diseases, including simple steatosis (SS), nonalcoholic steatohepatitis (NASH), and liver fibrosis, are major public health problem worldwide [1] . Nonalcoholic steatohepatitis (NASH) can lead to liver cirrhosis, terminal liver failure, and hepatocellular carcinoma. Clinically, patients with diffuse liver diseases can remain asymptomatic or have only mild, nonspecific symptoms until the development of cirrhosis. To date, noninvasive diagnostic tests available from clinical practice are not sensitive or specific enough to detect occult liver injury at early or intermediate stages. The reliability of liver function tests, serological tests of specific serum makers, and liver stiffness measurement in assessing liver fibrosis is still under investigation [2] [3] [4] [5] [6] . Liver biopsy is currently the standard of reference for the diagnosis and staging of liver fibrosis. However, it is an invasive procedure with possible complications [7] . Histological assessment of fibrosis is also an inherently subjective process, and it is subject to sampling variability. The extent of variations from observer interpretation by expert histopathologists may be as high as 20 % [8] . These limitations make liver biopsy somewhat suboptimal for diagnosis and longitudinal monitoring in the general population. A noninvasive and quantitative technique for assessing liver fibrosis and monitoring disease progression or therapeutic intervention is highly desirable.
Chemical exchange saturation transfer (CEST) has been proposed as a novel magnetic resonance imaging (MRI) contrast mechanism in recent years and been actively explored for a variety of clinical applications [9] [10] [11] [12] [13] . CEST MRI shares a similar theoretical principle as T 1 rho MRI, while showing the great advantages of high specificity to certain biochemistry components such as protein [9, 10] , glycosaminoglycan (GAG), glycogen [14] , glutamate [15] and glucose [16, 17] . [19, 20] . In 2007, van Zijl et al. proposed the principle of endogenous GlycoCEST imaging and demonstrated that glycogen in the excised perfused mouse liver was detectable at 4.7 T [14] . In 2008, Ren et al. [21] demonstrated the distribution of glucose in livers using an exogenous paramagnetic CEST sensor, also on perfused mouse liver at 4.7 T. Recently, Sagiyama et al. [22] for the first time reported the feasibility of in vivo GlycoCEST imaging in mice at 9.4 T, and the observed temporal change in the MTR asym at 1.25 ppm was suggested to reflect the alteration of hepatic glycogen levels by fasting and/or re-feeding. Bawden et al. [23] reported that PRESS-CEST spectroscopy offers a promising new technique of simultaneously measuring local glycogen and lipid levels in vivo at 3 T.
To facilitate the use of CEST MRI for routine clinical use, a number of critical issues remain to be addressed. The feasibility of GlycoCEST imaging for in vivo liver has not been demonstrated at relatively lower magnetic field strength for clinical scanners, such as 1.5 T and 3 T, where the GlycoCEST MR signal supposes to be much lower than in a dedicated ultra-high field MRI scanner for research. Meanwhile, GlycoCEST signal at clinical field strength is more likely to be contaminated by direct saturation (DS) of water and other CEST pools resonating at proximate frequencies due to the smaller absolute chemical shift. The reproducibility of GlycoCEST imaging for liver is crucial for its potential use as a reliable clinical imaging biomarker, but has not yet been examined so far. In this study, we have also attempted to evaluate whether CEST imaging, including GlycoCEST and APTw MRI, is sensitive to detect the pathological variation of liver induced by intoxication on rats. For these purposes, the aim of the current 3.0-T MRI study is to evaluate the feasibility and reproducibility of CEST imaging for both human and animal in-vivo liver imaging, and to evaluate the sensitivity of CEST imaging to fasting and carbon tetrachloride (CCl4) intoxication on rats.
Materials and methods

Animal study
Nineteen male Sprague-Dawley rats with a weight of 200-250 g were used in the study. The protocols and procedures were approved by the local Animal Experimentation Ethics Committee. Two to three animals were housed per stainless steel cage on a 12-h light/12-h dark cycle in an air-conditioned room at 22°C, and checked daily by the animal care staff. A standard commercial rat chow (Prolab RMH 2500, PMI Nutrition International LLC, Brentwood, USA) and water were available ad libitum.
For the scan-rescan reproducibility study, each rat was examined twice with an interval of 2 weeks. For the fasting study, eight rats were randomly selected and not fed (rat chow) for 24 hours, but had free access to water. These rats were scanned twice before fasting and after fasting. The remaining 11 rats underwent liver carbon tetrachloride (CCl4) intoxication study. Liver intoxication induced by intraperitoneal injection of 1 ml kg −1 body weight CCl4, with a 1:1 volume mixture of CCl4 (99.8 %; BDH Laboratory, Poole, UK) in olive oil [24] . These rats were scanned before and 48 hours after CCl4 administration. All rats were scanned using a Philips Achieva 3 T scanner (Philips Healthcare, Best, the Netherlands) with a body coil for transmission and a wrist coil for reception. Anesthetizing was done by using a combination of xylazine (Rompun; Bayer HealthCare, Leverkusen, Germany) 10 mg per kilogram of body weight and ketamine (Ketalar; Pfizer, Hong Kong SAR) 90 mg/kg. Conventional T 2 -weighted images were acquired by 2D multiple slice turbo-spin-echo (TSE) sequence to localize the anatomy, with TSE factor = 16, TR/TE = 2083 ms/80 ms; field of view (FOV)=80×65 mm 2 ; slice thickness=2 mm; and pixel size=0.5×0.5 mm 2 . Then CEST images acquisition was performed using a single-slice TSE sequence with chemical shift-selective fat suppression [25, 26] . A continuous rectangular RF pulse was performed for saturation, with a B 1 field strength of 3 μT and a fixed duration of 300 ms. Major imaging parameters were as follows: TSE factor=11, TR=2350 ms; TE=6 ms; FOV=80×65 mm 
Human volunteer study
Eight volunteers comprising six males and two females with a mean age of 30 yrs (range: 23-47 yrs) participated in this study. All subjects were clinically healthy, with no liver disease history or alcoholism. The study was approved by the local human research ethics committee, and all subjects provided written informed consent. MRI data were acquired with the same 3 T scanner. An eight-channel cardiac coil was used as the signal receiver, and a body coil was used as radiofrequency transmitter. After using conventional T 2 -weighted images (TSE factor=54; TR/TE=1236 ms/70 ms; FOV=160× 280 mm 2 ; slice thickness=4 mm; pixel size=1×1.5 mm 2 ) to localize the anatomy, the human liver CEST images were acquired using a single-slice TSE sequence with chemical shift-selective fat suppression. Major CEST imaging parameters were as follows: TSE factor=16; TR=2350 ms; TE= 6 ms; FOV=160×280 mm 2 ; pixel size=2×2 mm 2 ; slice thickness=4 mm; NSA=1; the total data acquisition time was 4 min and 58 sec; other parameters were identical to those used for animal study. The images were acquired with a breath-hold technique. Volunteers were required to maintain breath holding at a similar breathing depth during image acquisition. Each volunteer was scanned twice in the morning after a light breakfast, with a time interval of 7 days, to test the reproducibility of CEST MRI.
Z-spectrum analysis
Data analysis was performed using home-developed Matlab (MathWorks, Natick, MA, USA) programs. For the rat study, excluding observable artefacts and blood vessels, five regions of interest (ROIs) of approximately 3-4 mm 2 were first manually placed on the liver parenchyma region of the T2 weighted image and then the ROI mask was transferred to the CEST image (Fig. 1a, b) . For the human study, five ROIs of approximately 200-300 mm 2 were manually placed on the liver parenchyma region of CEST image with the same method of the rat study (Fig. 1b) [25] . For each voxel, the Zspectrum was first least-square fitted by a 12th-order polynomial model and interpolated to a finer resolution of 0.001 ppm. The actual water resonance was assumed to be at the frequency associated with the lowest intensity of the fitted Z-spectrum. Then, the interpolated Z-spectrum was shifted to the 0 ppm of the offset axis to correct for the field heterogeneity ΔB 0 [11] . The magnitude of the CEST effect was quantified as a magnetization transfer asymmetry ratio (MTR asym ):
where ΔΩ denotes the shift difference between irradiation frequency and the water resonance, and S and S 0 are the saturated and nonsaturated image intensities, respectively. The MTR asym at 3.5 ppm was quantified as APTweighting (APTw) value [10] and the mean MTR asym in the frequency range ΔΩ=0.5 to 1.5 ppm was quantified as GlycoCEST value [22, 23] . The voxel-wise coefficient of determination R 2 was also calculated to evaluate the goodness-of-fit of Z-spectrum fitting. The voxel which showed relatively poor goodness-of-fit (R 2 <0.99) would be excluded from analysis.
All MRI were measured independently by two radiologists with research experience. For the rat study, the inter-reader agreement ICC (Intraclass correlation coefficient) was 0.893 for APTw measurement and 0.870 for GlycoCEST measurement. For the human study, ICC was 0.844 for APTw measurement and 0.867 for GlycoCEST measurement. All indicated good inter-reader agreement. For consistency, one reader's results were presented in the results.
Data were expressed as a mean±standard deviation (SD). All statistical analyses were performed using SPSS 14.0 (SPSS Inc., Chicago, IL, USA), Wilcoxon signed rank test was used for comparison. All statistical tests were two-sided. A p value of < 0.05 was considered statistically significant.
Results
1.
Rat liver APTw and GlycoCEST MR scan-rescan reproducibility Three rats (3/19) were excluded from analysis because of motion artefacts due to anaesthesia failure. For the remaining 16 rats, the values of the APTw difference and GlycoCEST difference between the two scans were plotted against the mean MTR asym of these two scans with the Bland-Altman plot. For APTw measurement, scan-rescan 95 % limits of agreement ranged from −1.49 % to 1.28 % with a mean difference of −0.110 % (Fig. 2a) . For GlycoCEST measurement, scan-rescan 95 % limits of agreement ranged from −0.317 % to 0.345 % with a mean difference of 0.014 % (Fig. 2b) . One B 0 shift map of a rat with five ROIs selected is shown by Supplemental Fig 2. 2. APTw and GlycoCEST measurements before and after 24-hour fasting The results of pre-fasting and post-fasting APTw measurement and GlycoCEST measurement in eight rats are shown in Fig. 3 . The post-fasting APTw value decreased from 2.38±0.86 % to 0.67±1.12 % (p=0.012). The mean GlycoCEST measurement also decreased after fasting (0.34±0.26 % to −0.18±0.37 %, p=0.012).
APTw and GlycoCEST measurements 48-hour after CCl4 injection
The results of CCl4 injection on liver APTw and GlycoCEST measurements are shown in Fig. 4 . The baseline APTw value was 2.46±0.48 % and the GlycoCEST value was 0.34±0.23 %. Forty-eight hours after CCl4 intoxication, the liver APTw value was reduced to 1.10 ±0.77 % (p=0.004), and the GlycoCEST value was reduced to −0.16±0.51 % (p=0.02). After 48 hours of CCl4 intoxication, the MTR asym value presented observable decrease in both APTw image, GlycoCEST image and the corresponding MTR asym spectrum.
Human liver APTw and GlycoCEST MR scan-rescan reproducibility
CEST data were successfully acquired in all 8 subjects (Fig. 5) . The values of the APTw difference and GlycoCEST difference between the two scans in human liver were plotted against the mean MTR asym of these two scans in the Bland-Altman plot (Fig. 6 ). For APTw, scanrescan 95 % limits of agreement ranges from −0.842 % to 0.899 % (mean difference: 0.029 %). For GlycoCEST, scan-rescan 95 % limits of agreement ranges from −0.344 % to 0.164 % (mean difference: −0.089 %). This study showed that the liver parenchyma APTw and GlycoCEST values were 1.66 ± 0.48 % and 0.46 ± 0.45 %, respectively, in the morning after light breakfast. One B 0 shift map of a human subject with five ROIs selected is shown in Supplemental Fig 3. 
Discussion
In patients with diffused liver diseases, the liver parenchyma usually has a normal appearance or may exhibit only subtle, nonspecific heterogeneity on conventional MR images. A number of MR imaging techniques have been investigated to assess early liver parenchyma fibrosis, including T 1 rho imaging [27] [28] [29] [30] [31] , tagged MRI assessing liver strain [32] , MR elastography [33, 34] and intravoxel incoherent motion (IVIM) technique [35, 36] . Our current study for the first time demonstrated the feasibility and evaluated the reproducibility of CEST imaging of in vivo liver at the clinical field strength of 3 T in both rats and human. It agrees well with previous in vivo liver GlycoCEST studies [22, 23] ; positive GlycoCEST MTR asym was observed in both rat and human before fasting, and GlycoCEST MTR asym reduced considerably after 24-hour fasting in rat. This reduction of GlycoCEST MTR asym after fasting is believed to reflect the reduction of hepatic glycogen levels. In addition, we also observed the significant drop GlycoCEST MTR asym in the CCl4 intoxicated rat livers. The histopathological course of CCl4 intoxication has been well illustrated [24, 37, 38] . Forty-eight hours after CCl4 intoxication, the liver is associated with a great extent of inflammation, oedema and tissue necrosis, and involves metabolic activation, reactive free radical metabolites, lipid peroxidation, covalent binding and disturbance of calcium homeostasis. According to Muriel [39] , in the CCl4 intoxicated rat liver, glycogen content decreased significantly compared to the normal liver, while lipid peroxidation and collagen content increased. This supported the finding of the reduced GlycoCEST value after CCl4 insult in our study.
Besides the GlycoCEST effect, positive MTR asym at 3.5 ppm was also found in both rat and human livers.C eramides (Cers) might be postulated to contribute to this MTR asym ; these are a lipid species that exert biological effects in nonalcoholic fatty liver disease through cellular proliferation, differentiation, and cell death [40] . However, since fat suppression was applied prior to acquisition, this MTR asym should not be dominated by the contamination of lipid at −3.5 ppm, the opposite side on the Z-spectrum [26] . Furthermore, according to Figs. 3 and 4, two zspectra overlapped relatively well on the right. Therefore, the contribution of possible upfield nuclear Overhauser enhancement (NOE) effects to the MTR asym difference should be small [41, 42] . According to a 500 MHz proton NMR study of Cer and its analogues in deuterated Fig. 3 Typical APTw image and GlycoCEST image (A) of a rat liver before and after 24-hour fasting with the corresponding ROI-averaged Zspectrum and MTR asym spectrum (B). In this rat, the APTw MTR asym was 3.67 % and the GlycoCEST MTR asym was 0.3 % before 24-hour fasting.
After 24-hour fasting, the APTw MTR asym was 1.41 % and the GlycoCEST MTR asym was 0.04 %. C: Bar plot of rat liver MTR asym value of APTw and GlycoCEST before and after 24-hour fasting (n=8) Fig. 4 Typical APTw image and GlycoCEST image (A) of a rat liver before and after CCl4 injection with the corresponding ROI-averaged Zspectrum and MTR asym spectrum (B). In this rat, the baseline APTw MTR asym was 2.66 % and the GlycoCEST MTR asym was 0.56 %. After 48-hour CCl4 intoxication, the APTw MTR asym was 1.91 % and the GlycoCEST MTR asym was −0.05 %. C: Bar plot of rat liver MTR asym value of APTw and GlycoCEST before and after 48-hour CCl4 injection (n=11) chloroform (CDCl3) at 25°C by Li et al. [43] , −NH in Cers has a chemical shift of~6.3 ppm, about 1.6 ppm relative to water (4.7 ppm chemical shift). Considering the lower resonance of 128 MHz at 3 T and the observation of broad baseline positive MTR asym peak above 1.5 ppm (blue curves in Figs. 3b and 4b) , it is possible that -NH has concomitant spillover effects at higher chemical shifts and induces positive MTR asym . On the other hand, Ichi et al. [44] found that ceramide in the liver and plasma increased after CCl4 intoxication in the rat. This seems to conflict with the reduction of APTw MTR asym observed in our study. It may be explained by that Cers are more dissolvable in Chlorine solvent so that CCl4 might deplete the exchangeable protons of Cers with water. Nevertheless, these postulations have to be further carefully examined and verified in future studies. It is known that the measured CEST signal intensity in tissue is related to the mobile proton content, the proton exchange rate (depending on tissue pH), and several tissue and experimental factors. As such, the measured MTR asym for both GlycoCEST and APTw may only reflect the comprehensive overall change in liver, but cannot delineate the individual contribution from each factor. Meanwhile, the quantified MTR asym signal intensity is more or less contaminated by the upfield NOE effect [45] . In addition to changes in labile pool concentration, the decrease in MTR asym observed after intoxication might be attributed to residual T 1 and T 2 effects through the spillover and conventional MT. However, based on some recent studies [20, 46] , the upfield NOE effect is generally the minor contributor to the MTR asymbased CEST image signal with a B 1 field strength of 3 μT. According to Chow et al. [47] , T 1 and T 2 relaxation times of mice were observed to significantly increase after two weeks of CCL4 intoxication at 7 T. However, the short-term variation of T1 and T2 after 48 hours of CCL4 intoxication has not been investigated and is still unknown. Quantitative T 1 and T 2 mapping, which were not conducted in this study, may be helpful to further delineate the contributing factors for CEST imaging in future studies. In this study, 12th-order polynomial fitting and interpolation were applied for MTR asym quantification, because the acquired Z-spectra were generally smooth due to the relatively small endogenous CEST contrast at clinical field strength of 3 T. Excellent goodness-offit was achieved. Meanwhile, the acquired Z-spectra under the saturation field strength of 3μT were relatively flat rather than sharp in shape, so the even higher order polynomial fitting might not be necessary. Cubic-spline interpolation [48] has been reported to improve MTR asym quantification particularly for CEST images at low SNR, so should be useful in future studies when lower saturation strength is used with low NSA. Water saturation shift referencing (WASSR) has been proposed for better glycoCEST MTR asym quantification by offering a more precise ΔB0 map, and remarkable improvement has been demonstrated for the stationary tissue of human calf muscle at 3 T [49] . However, the WASSR acquisition and quantification might be highly sensitive to motion because of the extremely low saturation strength and thus the sharp Z-spectrum. Furthermore, in the presence of an uneven respiration cycle, the use of WASSR-derived ΔB0 map for Z-spectrum correction might also be technically challenging. It is recognized that our approach in this study without WASSR would definitely compromise the accuracy of the estimated MTR asym. Consequently, the utilization of WASSR in moving organs like liver should be further explored. Besides MTR asym for Zspectrum analysis, alternative data processing approaches for better quantifying CEST signal [46, [50] [51] [52] [53] may also be used to investigate pathological alteration of liver in the future.
It is also worth noting that the measured MTR asym depends also on the saturation pulse, strength and duration. Ideally, the saturation pulse should be optimized based on both hardware capability and proton exchange rate in tissue. The Glycogen proton exchange rate is estimated to be faster than amide proton exchange rate, so a slightly higher saturation strength of 3μT was used in this study, rather than the optimized 2μT for APTw imaging as observed in previous brain studies [20] . Meanwhile, the longest saturation duration of 300 ms that was achievable on our clinical MRI scanner was applied to approach complete direct saturation. Nevertheless, as GlycoCEST effect is closer to the water resonant frequency, the MTR asym of GlycoCEST values might be more likely to be contaminated by direct saturation and magnetization transfer effect under high power saturation. Therefore, future study on saturation pulse optimization is warranted by investigating how the magnitudes of APTw and GlycoCEST signal change with different saturation powers.
This current study is a first time proof-of-principle in vivo study for liver CEST imaging at clinical field strength, and there are a few limitations. The time course of the liver CCl4 intoxication has not been performed. The human subject study was limited to a small number of volunteers. Strategies to shorten acquisition time while maximizing CEST contrastto-noise ratio should be investigated [48, [54] [55] [56] [57] [58] [59] . The origin of CEST effect at nominal APT resonance should be further explored. Further evaluations are needed to correlate CEST MRI signal and hepatic concentration of glycogen in conditions of varying temperature, pH or structure of glycogen. Since T 1rho and CEST technique share similar theoretical principles and T 1rho has been demonstrated to be sensitive to detect early stage liver fibrosis [29, 30] , further comparative study of T 1rho vs. CEST technique will be of interest.
In summary, this study showed for the first time that both APTw and GlycoCEST MR liver imaging on a clinical 3.0 T system are feasible for both rats and human subjects. Both APTw and GlycoCEST MR measurements showed high sensitivity for fasting as well as CCl4 intoxication. To translate CEST MR imaging into a practical tool and thereby positively influence clinical management, technological advancement including acceleration of data acquisition and improvement in contrast-to-noise ratio remain to be further exploited. The mechanism of APTw and GlycoCEST decrease following fasting as well as CCl4 intoxication remain to be fully explored.
